Sexual reproduction is a fundamental aspect of eukaryotic cells, and a conserved feature of gametogenesis is its dependency on a master regulator. The ste11 gene was isolated more than 20 years ago by the Yamamoto laboratory as a suppressor of the uncontrolled meiosis driven by a pat1 mutant. Numerous studies from this laboratory and others have established the role of the Ste11 transcription factor as the master regulator of the switch between proliferation and differentiation in fission yeast. The transcriptional and post-transcriptional controls of ste11 expression are intricate, but most are not redundant. Whereas the transcriptional controls ensure that the gene is transcribed at a high level only when nutrients are rare, the post-transcriptional controls restrict the ability of Ste11 to function as a transcription factor to the G 1 -phase of the cell cycle from where the differentiation programme is initiated. Several feedback loops ensure that the cell fate decision is irreversible. The complete panel of molecular mechanisms operating to warrant the timely expression of the ste11 gene and its encoded protein basically mirrors the advances in the understanding of the numerous ways by which gene expression can be modulated.
Introduction
A universal feature of eukaryotic cells is the ability to initiate complex differentiation processes in response to external cues. The fission yeast Schizosaccharomyces pombe proliferates predominantly in the haploid state under nutrient-rich conditions, and cells of either mating type (h + or h − ) mate when starved of nutrients, particularly nitrogen. The resulting diploid zygote (h + /h − ) initiates meiosis to generate asci containing four haploid gametes. Therefore mating is tightly coupled to gametogenesis, and both of these fundamental aspects of sexual reproduction rely on the integration of signalling cascades converging on the activation of a master regulator: the HMG (high-mobility group) transcription factor Ste11 [1, 2] . In the presence of ample nitrogen resources, the overexpression of ste11 induces ectopic meiosis irrespective of the nutritional conditions [3] because Ste11 is the upstream activator of a transcriptional programme controlling the expression of approximately 80 genes required for the initiation of sexual differentiation and meiosis [4] . It therefore comes as no surprise that its expression is tightly regulated. Yet, the complexity of these intricate multi-layered controls is stunning and constitutes the topic of the present review.
Transcriptional controls of Ste11 expression (Figure 1)
The ste11 gene is located on chromosome II within an usual gene-free region. Indeed, the previous ORF is located nearly 8 kb upstream of the ste11 ORF, which is partly explained by a very large 5 -UTR of 2182 bp, whereas the intron-less ORF is 1407 bp. Five transcription factors were reported to control the expression of the ste11 gene: Rst2, Atf1, Pcr1, Gaf1 and Ste11 itself.
The best characterized of these transcription factors is the C 2 H 2 zinc-finger protein Rst2 that binds a STRE stress response element (UASst, upstream activating sequence for ste11) consisting of the 5 -CCCCTC-3 sequence located in the promoter of ste11. The Rst2 transcription factor relays the nutritional status to the expression of ste11 through the PKA (cAMP-dependent protein kinase) pathway. The decrease in cAMP resulting from a depletion of the carbon and nitrogen sources leads to the inactivation of PKA1 [5] , which was shown to induce gluconeogenesis [6] and sexual differentiation [7] in fission yeast. In rich medium, Pka1 represses the expression of Ste11 through the phosphorylation of the threonine residue within the RRXT consensus that is found twice in Rst2, which excludes Rst2 from the nucleus and may also directly inactivate it [8, 9] . Supporting this model, the deletion of rst2 suppresses the hyperdifferentiation phenotype of a pka1-null mutant. Interestingly, the addition of a methionine residue can mimic nitrogen starvation and activate ste11 expression through inhibition of the PKA1 pathway. It is possible that the two pathways overlap, with ammonium lowering the level of methionine or vice versa [10] .
Soon after the discovery of Ste11, it was reported that the bZIP (basic leucine zipper) Atf1 and Pcr1 transcription factors that binds DNA as a heterodimer are both required for its transcription [11] [12] [13] . Surprisingly, the consensus sequence 5 -TGACGTCA-3 of these CREB (cAMP-responseelement-binding protein)-like transcription factors is not found within the ste11 promoter and no binding assays were reported. We have recently reinvestigated this issue by using ChIP, which did not convincingly attest to the direct binding of Atf1 to the ste11 regulatory region (J. Anandhakumar, unpublished work). Therefore the possibility exists that the Atf1-Pcr1 dimer regulates ste11 expression indirectly, for example by binding their activating kinase Sty1. Sty1 is one of the three MAPKs (mitogen-activated protein kinases) found in fission yeast responding to a large panel of stimuli that activate a stress response. This signalling pathway relies on a phosphorelay between a MAPKKK (MAPK kinase kinase) to a MAPKK (MAPK kinase) and ultimately to a MAPK as exemplified by the Wis4/Wis1/Sty1 pathway. Once activated by phosphorylation, Sty1 accumulates in the nucleus where it phosphorylates several substrates including Atf1 and Pcr1 [11, 12, [14] [15] [16] . Importantly, Sty1 is often recruited to chromatin and occupies the promoter of its target genes [17] . Whatever the precise molecular basis of the Sty1-Atf1-Pcr1 action on ste11, it is clear that this pathway signals the nutritional stress of nitrogen depletion to the activation of ste11.
The GATA protein Gaf1 is the only known transcription factor that negatively regulates ste11 expression. It specifically binds to the canonical GATA motif 5 -CTATCT-3 present upstream of the UASst motif within the ste11 promoter [18] . Although the molecular basis of its negative effect are unknown, we speculate that Gaf1 may recruit the Ssn6-Tup1 co-repressor to inhibit ste11 transcription based on the strong derepression of ste11 observed in large-scale studies when Ssn6 or either of the two fission yeast Tup proteins Tup11 and Tup12 are inactivated. Moreover, the presence of the co-repressor was detected at the ste11 locus by ChIPon-chip [19, 20] . How Ssn6-Tup11/12 is counteracted during activation has not been studied.
The Ste11 protein also binds the ste11 promoter due to the presence of the 5 -TTCTTTGTT-3 TR box close to the UASst. It has been proposed that this close vicinity may underlie a co-operative synergistic binding of Rst2 and Ste11 to create a positive-feedback loop during activation of ste11, which would enforce cell fate decision [8] . Such cooperative binding was observed between Ste11 and another HMG protein family, Mat1-Mc, to activate the expression of M (h − ) cell-specific genes [21] . Remarkably, the transcription of ste11 is also regulated at the level of the SAGA (Spt-Ada-Gcn5-acetyltransferase) complex and even the RNA polymerase II itself. The SAGA complex is a conserved co-activator that is recruited by Rst2 and controls the switch from proliferation to differentiation through the opposing roles of its subunits Spt8 and Gcn5 [22] . The Gcn5 acetyltransferase is required to repress ste11 expression under nutrient-rich conditions, whereas Spt8 is needed for its induction. Most likely, the repressive effect of Gcn5 in rich medium is independent of histone H3 acetylation that contributes to ste11 expression during starvation. The fact that Spt8 and Gcn5 are both present in the same SAGA complex suggests that SAGA somehow integrates various input signals. It will be interesting to decipher the basis of this regulation that is unknown at present [23] .
In addition to these pathways, our previous work identified the phosphorylation of Ser 2 within the CTD (Cterminal domain) of the largest subunit (Rpb1) of RNA polymerase II as a pivotal and specific requirement for the transcription of ste11 [24] , which was confirmed by several studies [25] [26] [27] . The integration of various aspects of the transcription of DNA into mRNA such as capping, splicing or histone modifications relies on combinatorial phosphorylation of the flexible scaffold structure formed by the CTD [28, 29] . The CTD consists of repeats of the heptad YSPTSPS in which the serine residues are phosphorylated. Ser 2 phosphorylation within the CTD is typical of elongation and required to recruit the splicing and polyadenylation machineries. Genome-wide studies in budding yeast led to a model where the general RNA polymerase II transcription complex undergoes uniform transitions at every single gene [30, 31] . However, this model does not explain why some genes are exquisitely sensitive to the absence of Ser 2 phosphorylation, as typically seen for ste11, whereas most yeast genes are modestly affected when CTD Ser 2 phosphorylation is abolished [32] [33] [34] [35] [36] . Moreover, the Sty1 pathway is required for the activation of the CTD Ser 2 kinase Lsk1 and a positive-feedback loop exists to reinforce the commitment to differentiation [27] .
Finally, nutrition also affects ste11 expression through the TORC1 (target of rapamycin complex 1) pathway, although the molecular basis of the regulation is not fully understood and transcriptional regulators regulated by Tor (target of rapamycin) activity await identification [37, 38] .
As shown by all of the above types of regulations, the transcription of ste11 results from a complex interplay of signalling pathways that forms a regulatory network assessing the nutritional status and the opportunity to undergo sexual development. Remarkably, when this decision is made, feedback loops reinforce it to render the cell fate irreversible.
Post-transcriptional controls of Ste11 expression (Figure 2)
The Ste11 protein acts as a transcription factor controlling the expression of approximately 80 genes. Most of these genes are induced in either mating type after 3 h of nitrogen starvation, including rep1 that encodes a transcription factor required for the following wave of transcription during meiosis. Importantly, a few genes regulated by Ste11, Ste12 in h − cells and Ste4 in h + cells, are cell-type-specific. The specificity probably results from the association of Ste11 with the cell-type-specific transcription factors Mat1-Mc and Mat1-Pc, which causes a dramatic increase of Ste11 binding to otherwise weak TR boxes [21]. The P-specific genes include map2 that encodes the P-factor pheromone (a 23-amino-acid peptide secreted by h + cells) and map3 that encodes the M-factor receptor. Similarly, the M-specific genes include mfm1, mfm2 and mfm3 that encode nearly identical versions of the M-factor (a modified nine-amino-acid peptide secreted by h − cells) and mam2 that encodes the P-factor receptor [39, 40] . Upon binding to their cognate receptors, the pheromones induce the activation of the Byr2/Byr1/Spk1 MAPK pathway with Spk1 binding to and phosphorylating Ste11 on Thr 305 and Thr 317 , which contributes to its activation [41, 42] .
In haploid cells, entry into the differentiation programme is repressed by the Pat1 protein kinase. The inactivation of Pat1 that occurs in diploid cells by the binding of a pseudosubstrate, Mei3, is a key determinant of meiosis onset [43] . Pat1 directly phosphorylates Ste11 on Thr 173 and Ser 218 , which inhibits the Ste11 transcription factor at two levels. First, it allows the binding of the 14-3-3 protein Rad24 to Ste11, which inhibits the transcriptional activation capacity of Ste11 by impeding its nuclear accumulation [44] . Secondly, it probably enforces the ubiquitin-dependent degradation of Ste11 [45] .
A third kinase ensures that Ste11 is only active during the G 1 -phase of the cell cycle, where cells are proficient for mating. Phosphorylation of Thr 82 by Cdc2-cyclin B inhibits the DNA binding activity of Ste11, which constrains differentiation-specific transcription to G 1 -phase when CDK (cyclin-dependent kinase) activity reaches its lowest [46] .
Besides its effect on the transcription of ste11, the Tor pathway also affects the Ste11 protein [37, 38] . Tor2 binds to Ste11 and Ste11 accumulates in the nucleus when the Tor2 kinase-containing complex TORC1 is inactivated. It is tempting to speculate that Tor2 directly phosphorylates Ste11, which participate in its nutrient-dependent nucleocytoplasmic shuttling [47] . By contrast, TORC1 was reported to positively regulate sexual differentiation in fission yeast, although the molecular basis of the regulation has not yet been explored [48, 49] . An as yet unidentified pathway also controls the ubiquitylation and proteasome-dependent degradation of Ste11.
Concluding remarks
A striking common feature of entry into gametogenesis in species as diverse as fission yeast and mice is the presence of a master regulator: Ste11 in fission yeast and Stra8 in mouse, integrating a large panel of intrinsic and extrinsic cues that control its expression. Mice lacking Stra8 are sterile, and the expression of Stra8 is regulated by a complex interplay [50] [51] [52] reminiscent of what we have reviewed for ste11. Strikingly, most of the known means to regulate gene expression apply to the ste11 gene, including regulation by specific and general transcription factors, intricate signalling cascades and regulation of the Ste11 protein by phosphorylation, degradation, subcellular localization and macromolecular complex assembly.
In addition, a recent study also documented the existence of a pathway acting in parallel to Clr4-dependent histone H3 Lys 9 (H3K9) methylation to repress gene expression and identified the silencing factor as Clr5 [53] . Interestingly, the genomic targets of Clr5 include ste11, which suggests that an additional level of regulation is about to emerge. At the post-transcriptional level, it will be interesting to decipher the pathway controlling Ste11 ubiquitylation and to confirm whether the Ste11 protein is a direct target of the Tor2 kinase. We can also predict that additional, yet unexpected, regulators of the Ste11 transcription factor are awaiting identification. 
